a b s t r a c t Laser-induced periodic surface structures (LIPSS) found in particular applications in the fields of surface functionalization have been investigated since many years. The direction of these ripple structures with a periodicity in the nanoscale can be manipulated by changing the laser polarization. For industrial use, it is useful to manipulate the direction of these structures automatically and to obtain smooth changes of their orientation without any visible inhomogeneity. However, currently no system solution exists that is able to control the polarization direction completely automated in one software solution so far. In this paper, a system solution is presented that includes a liquid crystal polarizer to control the polarization direction. It is synchronized with a scanner, a dynamic beam expander and a five axis-system. It provides fast switching times and small step sizes.
Introduction
Laser-induced self-organized nanostructures (LIPSS) have been investigated intensively both in theory and experimentally since many years. Their utilization can be found in various fields of surface functionalization as for instance anti-reflection [1] [2] [3] , anti-counterfeiting [4, 5] , tribology [6, 7] , wetting [8] [9] [10] and the control of cellular responses [11] .
Periodic ripple structures can be fabricated using linearly polarized laser radiation. In a self-organized way, two different ripple types develop at different parameter regimes: Depending on the laser fluence and the effective number of pulses per surface area, either low spatial frequency LIPSS with a periodicity close to the laser wavelength or high spatial frequency LIPSS with a periodicity much smaller than the laser wavelength develop.
Large areas of homogenously aligned nanostructures were already fabricated by various groups [12] [13] [14] arranging parallel line scans at a suitable distance. The connection of the LIPSS of two parallel line scans has been investigated in detail by several groups [14, 15] : Having the same polarization in two adjacent line scans, the LIPSS connect coherently, if the distance between the line scans is suitable. The coherent linking of the LIPSS is attributed to the influence of the initially proAbbreviations: LIPPS, Laser-induced self-organized nanostructures; SEM, Scanning electron microscope. * Corresponding author.
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duced LIPSS on the plasma density wave of the LIPSS, which are produced afterwards [15] .
The orientation of the LIPSS depends on the polarization of the laser radiation. Whereas low spatial frequency LIPSS align perpendicular to the polarization direction on metals, high spatial frequency LIPSS align parallel to the polarization direction. For other materials like dielectrics, the orientations of the different types can be reversed [16] . However, in one material their alignment always occurs in the same orientation with respect to the polarization direction.
Several research groups have exploited this property to manipulate the structure orientation. For instance, Dusser et al. [4] fabricated large areas of low spatial frequency LIPSS with different orientations that change the optical reflection properties in a defined way. In this approach, they were able to paint images on two-dimensional surfaces. Gräf et al. [17] controlled the polarization direction of linear polarized laser radiation dynamically with a motorized polarizer and studied the resulting nanostructures in detail. With large rotation speeds, they could produce similar structures as for circularly polarized laser radiation.
For industrial applications, it is moreover necessary to create arbitrary patterns of nanostructures with different orientations on free-form surfaces. The challenge is to merge the nanostructures smoothly and without any visible steps to create a homogeneous surface. For an effi- cient process, a completely automated setup that can change the polarization direction fast and in small increments is indispensable.
To control the polarization direction of the laser radiation, various approaches have been realized. One way to manipulate the direction of the polarization is to use a spatial light modulator [18] . In most scientific publications on the fabrication of LIPSS the polarization direction was controlled manually by static optical elements like wave plates or polarizers (see for example [19, 20] ). Some approaches also combined wave plates with a at least partially automated rotation stage [17] . In the area of laser drilling, an approach exists for the partially automated control of the polarization, using a liquid crystal polarization rotator [21] . To improve the production quality of laser-drilled holes, the polarization direction was switched between two states synchronized with a laser. Despite this approach already shows a distinct degree of automation, it only takes into account two polarization states and does not consider the 3-dimensional processing. Similar to this scientific approach, one commercial system is already available on the market for controlling the polarization electronically during the laser structuring process. The polarization control switches between linear and elliptical polarization [22] .
None of the presented approaches is sufficient to manufacture patterns that contain a large amount of different orientations efficiently and to transfer them on three-dimensional free-form surfaces.
So far, no system solution exists that is able to control the polarization direction completely automated in one software solution. In the following, a system solution with a liquid crystal polarizer that is synchronized by using a CAM software with a scanner, a dynamic beam expander and a five axis-system is presented that provides fast switching times and small step sizes. In addition, first results of fabricated structures are presented. In a systematic study, the conjunction of LIPSS with different orientation in two parallel line scans has been investigated.
Materials and methods

Experimental setup
The developed system solution enables an automated alignment and fabrication of LIPSS on free-form surfaces. The setup is shown in Fig. 1 .
The workpiece was clamped in the 5-axis handling system (Kern Microtechnik GmbH, Eschenlohe, Germany). A linearly polarized laser beam was emitted by a picosecond laser (Super Rapid, Lumera Laser GmbH, Kaiserslautern, Germany). The laser had a pulse duration of = 9 ps and a wavelength of = 532 nm. As the polarization direction of the laser beam needed to be well adjusted with respect to the polarization rotator, a static half-wave plate (Castech Inc., Fuzhou, Fujian, China) aligned it prior to the liquid crystal device. Subsequently, the laser beam entered the liquid crystal polarization rotator (Meadowlark Optics, Frederick, Colorado, United States) that controlled the polarization direction according to a voltage signal. Afterwards, a mirror system directed the laser beam with the rotated polarization direction into a dynamic beam expander (VarioScan 20i, Scanlab GmbH, Puchheim, Germany) that adjusted the focal position of the laser beam on the sample surface. A laser scanner with 4 axes (intelliScan10 for the line scans, intelliScan10se for the demonstrators and the determination of the switching time, Scanlab GmbH, Puchheim, Germany) in combination with a 100 mm telecentric F-Theta lens (Qioptiq Photonics GmbH & Co. KG, Göttingen, Germany) moved the beam on the workpiece surface. The control unit of the handling system was connected to a computer in a master-slave relation to synchronize the sequential machine movement and the laser processing. The computer was equipped with a RTC5-contoller card (Scanlab GmbH, Puchheim, Germany) to control the dynamic beam expander, the laser scanner and the polarization rotator. A CAM software "CALM ", developed by Fraunhofer IPT, calculated the laser toolpath and the positions of the machine axes. The commands for the polarization rotator were added afterwards into the NC code. By the combination of the polarization rotator and the 5 + 4-axis system solution, a completely automated alignment and control of LIPSS on complex-shaped parts was possible.
The polarization rotator and thus the polarization direction was managed directly via the NC code for the laser program. Therefore, a new "g-code " syntax related to "M commands " was used in order to define the polarization orientation. By using this new syntax, it was possible to define the polarization direction for each single marking vector of the scanner. Within a single vector, the setting of the polarization rotator was not changed whereby the orientation of the polarization did not change. The degree value of the g-code was converted into an appropriate voltage, which was the analogue signal for setting the polarization angle of the rotator. The scanner controller card RTC5 generated this voltage signal. After correlating several voltage values with the polarization orientation, it was possible to regulate the rotator. To ensure the polarization is set before the scanner executes the next marking vector, a waiting time period was added after applying a voltage signal to take into account the switching time of the liquid crystal polarization rotator. The waiting time was set to 20 ms specified in the user's manual.
Laser structuring
To validate the functionality of the setup described above, a 3D demonstrator was fabricated at an average power of 0.49 W at the sample surface, a scan speed of 2500 mm/s and a repetition rate of 1000 kHz. This corresponds to a peak fluence of about 0.83 J/cm 2 at an effective number of pulses of about N eff = 5 in one line scan (beam waist diameter 2 w 0 ≈ 12 μm, defocusing of 40 μm). In addition, a more complex structure was fabricated on a plane surface to demonstrate the variability of the system solution (peak fluence of 0.64 J/cm 2 , effective number of pulses about N eff = 25.5 in one line scan, beam waist diameter 2 w 0 ≈ 12.2 μm, defocusing of 66 μm). The letters "IPT " were structured in a rectangular field. While the rectangular field was processed with a polarization direction of 135°, the polarization direction was switched in small segments of the letters.
To examine which switching times between two regions with different polarization direction can be realized in general, the switching time had been determined experimentally. The user's guide of the liquid crystal polarization rotator specified a switching time of 5-20 ms between two polarization states depending on the switching step. This information was roughly verified by changing the polarization manually by 90°from 143°to 53°during a line scan and investigating the resulting switching zone (peak fluence 0.34 J/cm 2 , N eff = 69.6).
Furthermore, a systematic study on the conjunction behavior of the LIPSS in two adjacent line scans was carried out ( Fig. 2 ) . The difference in the polarization directions of both scan lines and the distance between the lines was varied. The experiments were performed at an average power of 0.32 W at the sample surface, a scan speed of 200 mm/s and a repetition rate of 1000 kHz. This corresponds to a peak fluence of about 0.24 J/cm 2 at an effective number of pulses of about N eff = 91 in one line scan (beam waist diameter 2 w 0 ≈ 12.4 μm, defocusing of 240 μm). Prior to the laser structuring, the nitrided steel 42CrMo4 (MiBa Gleitlager GmbH, Laakirchen, Austria) samples were polished (diameter 40 mm, flat surface) and cleaned. The fabricated LIPSS structures were investigated by scanning electron microscopy (SEM).
Results and discussion
The functionality of the developed system solution for the specific manipulation of LIPSS on free-form surfaces was demonstrated on a sphere with many circular areas. These areas were programmed with different polarization orientations. However, the axes of the laser scanner and the handling system were adjusted in order to keep the same fluence at all positions. It is well visible that the direction of the nanostructures is changed as the areas shine in different directions Fig. 3 ) .
In addition, a more complex structure was fabricated on a planar surface. The insets show SEM micrographs that demonstrate the different direction of the LIPSS ( Fig. 4 ) . The experimental verification of the switching time of the polarization direction revealed a time of 11 ms ± 4 ms (length of the switching zone: 2.7 mm ± 1 mm; scan speed 250 mm/s). The large uncertainty occurs since it is difficult to determine the end of the switching zone. Nevertheless, the switching time value is in agreement with the switching time of 5-20 ms specified in the user's guide of the liquid crystal polarization rotator. In the switching zone, the LIPSS are still visible and change their direction gradually. This observation indicates that the polarization stays at least approximately linear during the transition.
To investigate the conjunction behavior of the LIPSS, systematic parameter studies had been performed ( Fig. 5 ) . First, the line scan on the left was fabricated with an initial polarization angle of 0°and afterwards a second line scan was performed with a different polarization angle.
It can be seen that the ripple structures are always oriented perpendicular to the polarization direction at the outer edges. As expected, their periodicity is slightly smaller than the laser wavelength, which classifies them as low spatial frequency LIPSS. In the region in which both line scans overlap, there is a zone which looks different. Taking a closer look on this overlap zone of the two line scans in these SEM images, significant structure variations for small and large angular differences become visible. In Fig. 6 , this effect is shown in more detail. The orientations of the LIPSS for a polarization direction difference of 10°, 20°, 30°and 50°from Fig. 5 is presented at a higher magnification in Fig. 6 . For 10°and 20°, the LIPSS change their direction smoothly so that the ripple of the two line scans connect. In the corresponding SEM images, many ripples develop continuously from the left to the right side. For an angular difference of 30°, however, the LIPSS start to form diamondshaped structures in the overlap zone whereby the angles of these structures depend on the direction of the LIPSS in the non-overlapping area. This effect is even more pronounced for larger angle differences as for example 50°. In this case, no LIPSS develop continuously between both line scans. Similar effects have been reported by Gregor či č et al. [23] . In two consecutive line scans on the same position with 90°rotated linear polarization, they also obtained structures that look like the structures in Fig. 5 for 90°in the edges of the line scan.
In the case presented here, an angular difference of 20°is the maximum angle variation between two parallel line scans that is allowed for a homogeneous area structured with LIPSS. In case of a larger LIPSS tilt would be required for an application, the processing strategy should be a processing in more parallel line scans with a stepwise variation of the polarization angle.
The results of another experiment are the basis to explain the influence of the distance between the two parallel line scans on the surface topography in the overlap zone, shown in Fig. 7 . As before, the first line scan was performed at an polarization angle of 0°and the second line scan was performed for different angles (20°, 50°, 90°). The distance between the line scans varied in discrete steps by 4 μm, 8 μm, 11 μm and 12 μm whereby the beam diameter is about w = 18 μm.
For all polarization angles, the overlap zone looks similar independent on the distance between the lines. The width of the overlap zone 2 µm 2 µm stays approximately the same and the developing structures look similar. From a manufacturing point of view, it is thus the best way to choose the largest possible line distance in order to enhance the process efficiency.
In addition, the shape of the surface structures in the overlap zone does not depend on the absolute values of the polarization direction but rather on the relative difference of two neighbored line scans. This can easily be seen in Fig. 8 . The first line scan was fabricated at 0°polariza-tion (left SEM micrograph) and 90°(right SEM micrograph); the second line scan was fabricated at 40°and 50°.
Conclusions
An automated CAM-based control solution has been successfully realized to manipulate the direction of LIPSS automatically with a liquid crystal polarizer. The functionality has been demonstrated on a freeform surface and first systematic process investigations have been carried out. Studying the conjunction behavior of the LIPSS in two parallel line scans with different ripple orientation, it turned out that they connect smoothly until a relative change in the orientation of 20°. For larger relative changes, diamond-shaped structures occur in the overlap zone of the two line scans that avoid a smooth conjunction behavior. The fabricated structures in the overlap zone do not depend on the distance of the two parallel line scans. These investigations constitute the first step towards a fully automated shaping of the ripple structures without any visible steps.
